Photoelectron spectroscopy was used to investigate poly͑3-hexylthiophene͒ ͑P3HT͒, ͓6,6͔-phenyl C 61 butyric acid methyl ester ͑PCBM͒, and their blends on various conductive substrates. The study shows a P3HT-rich layer at the top of the P3HT:PCBM blend films. The energy level alignment of the top P3HT changes with the work function of the substrate and the PCBM concentration at the bottom surface of the blend film. The results can be explained using the integer charge transfer model. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3163056͔
Polymer solar cells have attracted considerable attention recently owing to their advantages of low-cost fabrication. The state-of-the-art device structure is the bulk heterojunction ͑BHJ͒, 1, 2 in which two organic materials with energy level offsets are intimately blended. The blend system consisting of regioregular poly͑3-hexylthiophene͒ ͑RR-P3HT͒ and fullerene derivative ͓6,6͔-phenyl C 61 butyric acid methyl ester ͑PCBM͒ has shown power conversion efficiencies of about 4%-5%. [3] [4] [5] [6] [7] Additionally, fundamental researches on the energy level alignment at organic-organic and organicinorganic interfaces have drawn immense interest because of their crucial roles in charge separation and collection. [8] [9] [10] [11] [12] Recently, the integer charge transfer ͑ICT͒ model, which assumes weak interaction and electronic coupling via tunneling at the interface has been proposed and has been applied to various organic-metal interfaces and organic donor-acceptor heterojunctions. [13] [14] [15] [16] [17] [18] However, flat bilayer interfaces do not exist in blend systems and works revealing the electronic structures in the BHJs are scarce. In this paper, ultraviolet photoelectron spectroscopy ͑UPS͒ and x-ray photoelectron spectroscopy ͑XPS͒ were used to investigate the energy level alignment of the P3HT:PCBM BHJs and it was shown that the ICT model can be employed to explain the results.
In the experiments, following substrates with different work functions ͑⌽ SUB ͒ were used: Al with a native oxide layer ͑⌽ SUB = 3.3 eV͒, Au exposed to air ͑⌽ SUB = 4.1 eV͒, Pt exposed to air ͑⌽ SUB = 4.25 eV͒, indium tin oxide ͑ITO͒ ͑⌽ SUB = 4.35 eV͒, Ag exposed to air ͑⌽ SUB = 4.6 eV͒, ozone-treated Pt͑⌽ SUB = 5.2 eV͒, ozone-treated Au͑⌽ SUB = 5.3 eV͒, ITO coated with Cs 2 CO 3 ͑⌽ SUB = 3.5 eV͒, and ITO coated with Poly͑3,4-ethylenedioxythiophene͒: poly͑styrenesulfonate͒ ͑PEDOT:PSS͒ ͑⌽ SUB = 5.0 eV͒. Cs 2 CO 3 layers were spin-coated on ITO from 5 mg/ml 2-ethoxyethanol solution at 3000 rpm for 60 s, and annealed at 170°C for 20 min inside the glove box. PEDOT:PSS layers were formed by spin coating the aqueous solution at 4000 rpm for 60 s, and baked at 150°C for 30 min. P3HT, PCBM, and P3HT:PCBM blend films were prepared from 1, 2-dichlorobenzene solutions, and spin-coated at 3000 rpm for 60 s. The concentrations of the PCBM and P3HT solutions were 20 and 5 mg/ml, respectively. In the blend solutions, the P3HT concentration was kept at 5 mg/ml, while the PCBM concentration was varied from 1 to 25 mg/ml for different blend ratios. XPS and UPS measurements were performed in an Omicron XPS/UPS system with Al K␣ ͑1486.6 eV͒ and He I ͑21.2 eV͒ excitations, repectively.
Adding or withdrawing charges to organic materials induces substantial electronic and geometric relaxation effects, leading to self-localized polaronic states, which exist in the band gap of the neutral molecule/polymer. Here, the positive charge transfer state, which is the fully relaxed state formed by taking away one electron from the molecule/polymer, is marked by P + and the negative charge transfer state is marked by CT − . 17 According to the ICT model, the energy level alignment of an organic/conductive substrate system with weak interfacial interaction can be determined by the substrate work function ͑⌽ SUB ͒ and the charge transfer states. When ⌽ SUB lies between the energies of P + ͑E P+ ͒ and CT − ͑E CT− ͒ states ͓Fig. 1͑a͔͒, no spontaneous charge transfer occurs. Therefore, vacuum level alignment holds and the work function of the substrate coated with organic layer ⌽ ORG/SUB equals ⌽ SUB . If ⌽ SUB is larger than E P+ ͓Fig. 1͑b͔͒, electrons spontaneously flow from the organic layer to the substrate, creating an interfacial dipole that downshifts the vacuum level. This process continues until the interface dipole equals E P+ -⌽ SUB and the Fermi level is pinned to P + .
a͒ Electronic mail: yangy@ucla.edu. Consequently, in this condition, ⌽ ORG/SUB remains invariant while the interface dipole changes with ⌽ SUB . When ⌽ SUB is smaller than E CT− ͓Fig. 1͑c͔͒, an interface dipole equivalent to E CT− -⌽ SUB is formed and the Fermi level is pinned to CT − . The ⌽ ORG/SUB in this condition is also independent of ⌽ SUB . Figure 2 shows the dependence of ⌽ ORG/SUB on ⌽ SUB for P3HT and PCBM. Abrupt transitions between the vacuum level alignment ͑⌽ ORG/SUB = ⌽ SUB ͒ and Fermi-level pinning ͑constant ⌽ ORG/SUB ͒ regimes are observed. The E P+ of P3HT and the E CT− of PCBM are thus estimated as 3.9 and 4.3 eV, respectively.
From the E P+ and E CT− values, the energy level alignment between the P3HT ͑or PCBM͒ layer and inert substrates can be predicted using the ICT model. For PEDOT:PSS-coated ITO, the work function determined by UPS is 5.0 eV, which is larger than the E P+ of P3HT and between the E P+ and E CT− of PCBM. Hence, Fermi-level pinning and vacuum level alignment are expected at the P3HT/PEDOT:PSS and PCBM/PEDOT:PSS interfaces, respectively. As a result, the ⌽ ORG/SUB is anticipated to be 3.9 eV for P3HT/PEDOT:PSS ͓Fig. 3͑a͔͒ and 5.0 eV for PCBM/ PEDOT:PSS ͓Fig. 3͑b͔͒. These values are consistent with the results obtained from the secondary electron cutoffs shown in Fig. 3͑d͒ .
Since only weak van der Waals interactions exist at most organic/organic interfaces, the ICT model can also be used to predict the behavior of organic/organic heterojunctions such as C 60 / P3HT. [16] [17] [18] Consider the P3HT/PCBM heterojunction on PEDOT:PSS as an example. Because the E P+ of P3HT is smaller than the E CT− of PCBM, electrons will flow from P3HT to PCBM until the P + of P3HT aligns with the CT − of PCBM. Therefore, an interface dipole of Ϫ0.4 eV forms and downshifts the vacuum level of the P3HT layer to 4.6 eV above the Fermi-level ͑⌽ ORG/SUB = 4.6 eV͒ ͓Fig. 3͑c͔͒. For BHJs, Fig. 3͑d͒ shows the UPS spectra of P3HT:PCBM blends of various ratios on PEDOT:PSS. From the highest occupied molecular orbital ͑HOMO͒ structure ͑right͒, it can be found that the UPS signals are dominated by the P3HT component. This is consistent with previous reports, which indicate that P3HT tends to accumulate at the top surface due to its lower surface energy. 19, 20 Moreover, the ionization potentials ͑IPs͒ calculated from the UPS spectra are around 4.6eV, in agreement with the IP value of P3HT reported by Osikowicz et al. 17 Thus, the energy level alignment of P3HT
at the top surface of the blend films can be acquired by UPS. The UPS spectra of blend films with low PCBM concentration ͑5:1, 3:1͒ are almost identical with pristine P3HT. Therefore, the energy level alignment of P3HT at the top surface of the blend films is the same as P3HT on PEDOT:PSS. The ICT model also suggests similar results for the P3HT layer on top of a multilayer stack of alternating P3HT and PCBM layers with P3HT layer adjacent to PEDOT:PSS ͑P3HT/ PCBM/ ... / P3HT/ PEDOT: PSS͒. As the PCBM concentration increases, the UPS spectrum shifts to a lower binding energy, indicating a higher work function and a shallower HOMO level. Interestingly, the energy levels obtained from the UPS spectrum of the 1:5 weight ratio blend film are the same as those of the P3HT layer shown in Fig. 3͑c͒ . Using the ICT model, similar results can be predicted for the P3HT layer on top of a multilayer structure of alternating P3HT and PCBM layers, where PCBM layer is close to PE-DOT:PSS ͑P3HT/ PCBM/ ... / PCBM/ PEDOT: PSS͒. These resemblances suggest that P3HT covers most of the bottom surface ͑blends/PEDOT:PSS interface͒ of the 5:1 blend film and PCBM dominates the same region in the 1:5 blend film. In our previous research, water was used to separate the blend films from the PEDOT:PSS-coated substrate and the composition at the buried interfaces were investigated via XPS. 19 The P3HT:PCBM weight ratio at the bottom surface of the 5:1 film is estimated to be 4:1 and the corresponding ratio of the 1:1 film is estimated to be 1:1.8. The results indicate a much higher PCBM concentration at the bottom surface of the 1:1 film. Campoy-Quiles et al. 20 have recently used variable angle spectroscopic ellipsometry to model the vertical composition profile of the P3HT:PCBM thin films. Accordingly, the PCBM concentration at the PEDOT:PSS interface of the 1:1 film is 65% in volume. Based on these data, a full coverage of PCBM at the PEDOT:PSS side is expected in the 1:5 blend film.
The blend films prepared on Cs 2 CO 3 -coated ITO further confirm this observation. The work function of Cs 2 CO 3 / ITO substrate is determined to be 3.5 eV, which is between the E P+ and E CT− of P3HT and smaller than the E CT− of PCBM. Therefore, vacuum level alignment was perceived at the P3HT/ Cs 2 CO 3 interface ͑⌽ ORG/SUB = 3.5 eV͒ ͓Fig. 4͑a͔͒ and Fermi-level pinning was found at the PCBM/ Cs 2 CO 3 interface ͑⌽ ORG/SUB = 4.3 eV͒ ͓Fig. 4͑b͔͒. The UPS spectra of different P3HT:PCBM blend films also imply a P3HT-rich region near the top surface. However, unlike on PEDOT:PSS-coated substrates, even the blend film with the lowest PCBM concentration ͑5:1͒ shows obviously different energy levels from pristine P3HT on Cs 2 CO 3 . As the PCBM concentration increases, the energy level alignment of the top P3HT approaches that of P3HT on PCBM/ Cs 2 CO 3 , as predicted by the ICT model ͓Fig. 4͑c͔͒. The results are consistent with previous findings where PCBM tends to accumulate at the Cs 2 CO 3 surface. 19 Similar to PEDOT:PSS, the blend films coated on Cs 2 CO 3 can also be lifted off in water to examine the P3HT:PCBM ratio at the bottom surface. The P3HT:PCBM weight ratio at the bottom surface of the 5:1 film is about 1:2. This value is close to 1:2.2, which is the corresponding ratio of the 1:1 film.
In summary, the ICT model can be used to predict the energy level alignment of P3HT or PCBM on various inert conductive substrates. UPS study also indicates that P3HT tends to accumulate at the top of the P3HT:PCBM blend films. The energy level alignment of the top P3HT changes with the work function of the substrate and the PCBM concentration at the bottom surface of the blend film. These results provide us better insights into the energy level alignment in the BHJs and are beneficial to understand the performance of polymer solar cells. 
